without K ( fig. S4 ). This is another indication of NEA because K deposition onto a positive electron affinity semiconductor will lead to a shift of the low-kinetic energy cutoff and strong enhancement of the secondary electron background.
. The lack of a strong secondary electron component on the annealed sample may indicate that the transmission efficiency of the spectrometer is poor at low kinetic energies. This suggests that the peak from SAM surface could have been even stronger. Artificial effects on the peak have been ruled out by testing with different bias voltages. 23 . L. W. James, J. L. Moll, Phys. Rev. 183, 740 (1969) . 24 . R. C. Eden, J. L. Moll, W. E. Spicer, Phys. Rev. Lett. 18, 597 (1967) . 25 . For NEA materials, the difference between photoemission spectral width and the excitation energy should match the band-gap value (4, (17) (18) (19) . Although there is no precise gap value reported for [121]tetramantane-6-thiol, and it is difficult to define a precise photoemission spectral width of an insulating monolayer system (owing to the difficulty in determining the spectral onset), the estimate obtained from our spectra is consistent with the DMC calculation (5) , considering that the thiol groups are likely to change the gap value by only a few tenths of an electron volt. 26 The role of quantum coherence in promoting the efficiency of the initial stages of photosynthesis is an open and intriguing question. We performed a two-color photon echo experiment on a bacterial reaction center that enabled direct visualization of the coherence dynamics in the reaction center. The data revealed long-lasting coherence between two electronic states that are formed by mixing of the bacteriopheophytin and accessory bacteriochlorophyll excited states. This coherence can only be explained by strong correlation between the protein-induced fluctuations in the transition energy of neighboring chromophores. Our results suggest that correlated protein environments preserve electronic coherence in photosynthetic complexes and allow the excitation to move coherently in space, enabling highly efficient energy harvesting and trapping in photosynthesis.
H ighly efficient solar energy harvesting and trapping in photosynthesis relies on sophisticated molecular machinery built from pigment-protein complexes (1, 2) . Although the pathways and time scales of excitation energy transfers within and among these photosynthetic complexes are well studied, less is known about the precise mechanism responsible for the energy transfer. In particular, to what extent quantum coherence contributes to the efficiency of energy transfer is largely unknown. Only recently have nonlinear optical spectroscopy and theoretical modeling started to reveal that coherences between electronic excitonic states can have a substantial impact on excitation energy transfer in photosynthetic systems (2) (3) (4) Engel et al. have demonstrated using twodimensional (2D) electronic spectroscopy that surprisingly long-lived (>660 fs) quantum coherences between excitonic states play an important role in the dynamics of energy transfer in photosynthetic complexes-i.e., the energy transfer is described by wavelike coherent motion instead of incoherent hopping (4) .
To understand the origins of such long-lived coherences and the role of the protein matrix in its preservation, an experiment specifically designed to monitor electronic coherences between excited states is required. Here, we describe a two-color electronic coherence photon echo experiment (2CECPE) that produces a direct probe of electronic coherences between two exciton states. We applied the method to the coherence between bacteriopheophytin and accessory bacteriochlorophyll in the purple bacteria reaction center (RC). The measurement quantifies dephasing dynamics in the system and provides strong evidence that the collective long-range electrostatic response of the protein environment to the electronic excitations is responsible for the long-lasting quantum coherence. In other words, the protein environment protects electronic coherences and plays a role in the optimization of excitation energy transfer in photosynthetic complexes.
The RC from the photosynthetic purple bacterium Rhodobacter sphaeroides includes a bacteriochlorophyll dimer called the special pair (P) in the center, an accessory bacteriochlorophyll flanking P on each side (BChl; B L and B M , for the L and M peptides, respectively), and a bacteriopheophytin (BPhy; H L and H M for the L and M peptides, respectively) next to each BChl (5) . ( We use H and B to denote excitonic states whose major contributions are from monomeric BPhy and accessory BChl in the RC, respectively.) In addition to electron transfer with near-unity efficiency (6), energy transfer occurs between the excitonically coupled chromophores-for example, from H to B in about 100 fs and from B to P in about 150 fs-in the isolated RC (7-10). In our experiments, the primary electron donor (P) is chemically oxidized by K 3 Fe(CN) 6 (11) , which blocks electron transfer from P to H L , but does not affect the dynamics of energy transfer (8) . This modification eliminates interference from the charge-transfer dynamics. The absorption spectrum of the Poxidized RC at 77 K (Fig. 1A) shows the H band at 750 nm and the B band at 800 nm.
In our 2CECPE (11) ( Fig. 1B) , three~40-fs laser pulses interact with the sample and generate a signal field in the phase-matched direction k s . The first two pulses have different colors and are respectively tuned for resonant excitation of the H transition at 750 nm and the B transition at 800 nm (Fig. 1A) . This is different from conventional two-color three-pulse photon echo technique in which the first two pulses have the same color (12) . In our experiment, the first pulse (750 nm) creates an optical coherence (electronic superposition) between the ground state and the H excitonic state (|g〉〈H| coherence). The coherence evolves for time delay t 1 until the second pulse (800 nm) interacts with the sample to form a coherence between B and H (|B〉〈H| coherence) that evolves for a time t 2 . Finally, the third pulse (750 nm) interacts with the system to generate a photon echo signal if, and only if, B and H are mixed. The integrated intensity of the echo signal is recorded at different delay times t 1 and t 2 . The central idea of the experiment is that if two chromophores are coupled and create two exciton bands (H and B in this case) in the absorption spectrum, then excitation resonant with one transition (|g〉→|H〉), followed by excitation resonant with the other (|g〉→|B〉) converts the initial coherence (|g〉〈H|) into a coherence of the two exciton bands (|B〉〈H|). This experiment is distinct from conventional two-color three-pulse photon echo measurements because different colors in the first two pulses are used to optically select the contributions to the third-order response function that arise from coherence pathways involving electronic superposition between two exciton states in the t 2 period. Because the system is in a coherence state in time t 2 , population dynamics only contribute to dephasing and do not generate additional echo signals; therefore, this technique is specifically sensitive to the coherence dynamics and provides a probe for the protein environment of the chromophores. A similar pulse ordering was applied in dualfrequency 2D infrared spectroscopy to study vibrational coherence transfer and mode couplings (13, 14) .
The 2CECPE signals for the RC as a function of t 1 and t 2 measured at 77 K and 180 K are shown in Fig. 2 , A and B, respectively. These figures provide a 2D representation of the system, which propagates as a |g〉〈H| coherence during the t 1 period and as a |B〉〈H| coherence during the t 2 period. The result is a map showing the dephasing dynamics of the |g〉〈H| coherence along the t 1 axis and the dynamics of the |B〉〈H| coherence along the t 2 axis. Clearly, the decay of the |g〉〈H| coherence is much faster than the decay of the |B〉〈H| coherence. Moreover, following the black curve that connects the maximum of integrated echo signal at fixed t 2 , we see that the signals exhibit a sawtooth-shaped beating pattern that persists for longer than t 2 > 400 fs. This oscillatory behavior is not from excitonic beating, given that we detect signal intensities in which the oscillatory phase factor vanishes; instead, this beating indicates electronic coupling to vibrational modes. Notably, the pattern is also peculiarly slanted along the antidiagonal direction; this slant arises because the vibrational coherence is induced by the first laser pulse and propagates in time t 1 + t 2 , making the peaks of the beats parallel to the antidiagonal (t 1 + t 2 is fixed). The signals show substantial peak shift [i.e., shift from t 1 = 0 (12)], indicating correlation of the excitation energies between the H and B transitions (12) .
To analyze the |B〉〈H| coherence dynamics, we plotted the integrated signal at t 1 = 30 fs (across the maxima of the first beat) as a function of t 2 (Fig. 3) . Clearly, the dephasing is enhanced at higher temperature, as expected. The decay of the echo signal as a function of t 2 is not described by a single exponential decay because of its highly non-Markovian nature and the vibrational modulation. A Gaussian-cosine fit of the signal shows that the main component of the coherence signal decays with a Gaussian decay time (t g ) of 440 and 310 fs at 77 and 180 K, respectively (eq. S1 and fig. S1 ). These dephasing times are substantially longer than the experimentally estimated excitation energy transfer time scale of about 250 fs from H to B to P + (8) . The surprisingly long-lived |B〉〈H| coherence indicates that the excitation energy transfer in the RC cannot be described by Förster theory, which neglects the coherence between donor and acceptor states (15) . In addition, the decay of the |g〉〈H| coherence is much faster than the decay of the |B〉〈H| coherence. Considering that the dephasing of the |g〉〈H| coherence is caused by the transition energy fluctuations on H, whereas the dephasing of the |B〉〈H| coherence is due to the fluctuations on the gap between H and B transition energies, the transition energy fluctuations on B and H must be strongly correlated, because in-phase energy fluctuations do not destroy coherence. Such a strong correlation can arise for two possible reasons: strong electronic coupling between B and H and/or strong correlation between nuclear modes that modulate transition frequency fluctuations of localized BChl and BPhy excitations. Our theoretical analysis found that strong electronic coupling alone cannot reproduce the sawtooth pattern and a dephasing time as long as that observed (11) . Instead, crosscorrelation between nuclear modes modulating the energy levels of localized BChl and BPhy excitations is required.
We modeled the 2CECPE signals using impulsive limit third-order response functions for a coupled heterodimer based on the transition frequency correlation functions for each localized excitation (11, 16) . The model correlation functions contain a sum of a Gaussian component representing solvent reorganization and a constant term representing the inhomogeneous static contribution:
where 〈Dw 2 〉 1/2 is the fluctuation amplitude that is determined by the reorganization energy l, t is the bath relaxation time, D is the standard deviation of Gaussian static distribution, and i = h, b, and hb denote the localized BPhy, BChl excitations, and the cross-correlation between them, respectively. For C h (t) and C b (t), we adopted parameters established by previous photon echo experiments on the neutral RC and by quantum chemistry calculations (17) (18) (19) (20) . For simplicity, we used a single coefficient c to describe the cross-correlation and assume
The cross-correlation coefficient c represents the extent to which nuclear motions modulating the transition frequencies of localized BPhy and BChl excitations are correlated with each other. With c = 0.9 and the addition of a vibrational mode coupled to the localized BPhy excitation (w = 250 cm −1 ; Huang-Rhys factor S = 0.4; damping time > 0.6 ps; phase shift 0.28 rad), the model semiquantitatively reproduces the measurements at 77 and 180 K simultaneously; a c value of 0.6 substantially diminishes agreement with experiment ( Figs. 2 and 3) . Adding more terms to the model correlation functions improves the fit to experiments, but does not change any conclusions.
A c value near unity implies that nuclear modes coupled to H and B exhibit almost identical motions immediately after excitation. In other words, the two chromophores, H and B, are effectively embedded in the same protein environment and feel a similar short-time Gaussian component of their energy-level fluctuations. Most likely, this short-time component is the electrostatic response of the protein environment to the electronic excitations. Molecular dynamics simulations of the RC support this conclusion and show that interactions with the solvent environment (protein and water), rather than the intramolecular contributions, dominate the transition energy fluctuations of the P dimer excited state (21) .
Theories for excitation energy transfer in pigment-protein complexes usually assume an independent bath for each of the individual chromophores (1-3, 15, 22, 23) . However, our result suggests that in densely packed pigment-protein complexes, the assumption of independent bath environments for each site is not correct. Indeed, a previous molecular dynamics simulation on the RC of Rhodopseudomonas viridis also showed that nuclear motions of adjacent chromophores are strongly correlated (24) . Given that closely packed pigment-protein complexes are a ubiquitous configuration for efficient energy harvesting and trapping in photosynthetic organisms, the long-range correlated fluctuations indicated by our results are unlikely to be unique.
What are the likely consequences of longlived electronic coherence in the RC? First, such coherence enables the excitation to move rapidly and reversibly in space, allowing a very efficient search for the energetic trap, in this case the primary electron donor, P. The almost complete correlation of the H and B fluctuations (on the few hundred-femtosecond time scale) and the likely significant correlation of the fluctuations of both exciton states of P with those of B will also enable bath-induced coherence transfers between the various pairs of excitons (25) (26) (27) . We suggest that the overall effect of the protection of electronic coherence is to substantially enhance the energy transfer efficiency for a given set of electronic couplings over that obtainable when electronic dephasing is fast compared with transfer times.
It will be important to confirm this proposal by carrying out experiments similar to the one described here, but with excitation wavelengths resonant with B and P and with H and P. The (4) . Clearly, further studies are required before it can be stated that correlated fluctuations and the consequent protection of electronic coherence is a general feature of photosynthetic pigment-protein complexes, but it seems clear that any accurate description of the dynamics (and design principles) of these systems will require proper consideration of both quantum coherences and long-range system-bath interactions (3, 22, 23) .
We close by briefly comparing the present technique with existing experimental methods. In principle, 2D electronic spectroscopy (4, 28, 29) and pump-probe anisotropy spectroscopy (10, 23, 30) both contain information about coherence dynamics in the form of quantum beatings. However, interferences from other coherence states and population relaxation can create a complicated beating pattern that makes a quantitative analysis of coherence dynamics in the 2D spectrum or an anisotropy decay difficult. In this regard, the 2CECPE technique provides a unique tool that can resonantly select third-order response contributions from a specific coherence pathway and should lead to a much-improved understanding of coherence dynamics and the protein fluctuations that govern these dynamics.
Stepwise Quenching of Exciton Fluorescence in Carbon Nanotubes by Single-Molecule Reactions
Laurent Cognet, 1,2 * Dmitri A. Tsyboulski, 2 † John-David R. Rocha, 2 † Condell D. Doyle, 2 James M. Tour, 2 R. Bruce Weisman 2 * Single-molecule chemical reactions with individual single-walled carbon nanotubes were observed through near-infrared photoluminescence microscopy. The emission intensity within distinct submicrometer segments of single nanotubes changed in discrete steps after exposure to acid, base, or diazonium reactants. The steps were uncorrelated in space and time and reflected the quenching of mobile excitons at localized sites of reversible or irreversible chemical attack. Analysis of step amplitudes revealed an exciton diffusional range of about 90 nanometers, independent of nanotube structure. Each exciton visited about 10,000 atomic sites during its lifetime, providing highly efficient sensing of local chemical and physical perturbations.
O ptical excitation of semiconducting singlewalled carbon nanotubes (SWNTs) generates relatively strongly bound excitons whose spatial dimensions are predicted to be a few nanometers (1) (2) (3) . Experimental evidence of efficient exciton-exciton annihilation in nanotubes indicates that SWNT excitons have substantial mobility along the tube axis (4-6). However, the extent of this mobility is still experimentally and theoretically uncertain. A notable related effect is the strong suppression of photoluminescence (PL) when SWNT sidewalls are perturbed by chemical reactions (7) (8) (9) . This quenching phenomenon has hampered the use of covalently derivatized SWNTs as near-infrared (near-IR) fluorophores.
We report the use of single-nanotube microscopy to detect stepwise changes in SWNT PL intensity within segments of individual nanotubes while they are exposed to chemical reactants. These stepwise changes in PL intensity are caused by reactions of single molecules with one nanotube. Since the pioneering low-temperature experiments of Orrit and Moerner, single-molecule spectroscopy has proven to be a powerful tool that bypasses ensemble averaging in the study of static and dynamic nano-objects in various environments (10, 11) . Single-molecule approaches are especially appealing for SWNT fundamental studies and applications (12) (13) (14) because the bulk samples are highly heterogeneous. In the present work, the magnitudes of PL intensity steps caused by single-molecule reactions reveals that the exciton excursion range in highly luminescent SWNTs is~90 nm and is essentially independent of nanotube structure. This roomtemperature excitonic motion is deduced to be diffusional. Because each nanotube exciton visits a very large number of atomic sites during its lifetime, PL quenching provides an ultrasensitive method for sensing and studying certain types of chemical reactions with nanotube sidewalls at the single-molecule level.
Our studies required highly luminescent and relatively long nanotubes that were immobilized yet accessible to added reactant solutions. We therefore used very brief tip ultrasonication to 
